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Abstract 
Weld improvement techniques are aimed at reducing the notch effects of welds and generally focus on two aspects: a change of 
geometry of the weld toe and a change of the weld residual stresses. In this paper, fatigue tests are discussed, performed on butt 
welded specimens in steel grades ranging from S460 to S1100 in the TIG-dressed condition. The test results are compared with 
modelled fatigue strength according to the notch stress theory and similar specimens in the as-welded condition. The changed 
notch geometry of the joints is based on the results of a parallel program of weld toe geometry measurements.  
The individual data points and their failure mode give good qualitative insight in the effect of TIG-dressing on butt welded joints 
in high strength steel. Overall, a positive effect of TIG-dressing on the weld toe is visible. 
On the basis of a large dataset of measured weld toe geometries a model has been developed based on the notch stress theory. 
The theoretical results of the model are compared with the results of the physical tests, showing significant differences between 
the model and the fatigue tests. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of CETIM, Direction de l'Agence de Programme. 
Keywords: TIG-dressing, butt weld, notch stress approach, fatigue testing 
1. Introduction 
The use of very high strength steels, with yield strengths above 690 MPa, in civil engineering structures is 
relatively uncommon, although there are several interesting fields of application. Because of the relative light weight 
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of high strength steel structures, especially bridges may benefit from the application of high strength steel. Most 
common standards have unfortunately only limited inclusion of very high strength steels, especially if fatigue 
strength is a limiting design criterion. 
Several studies have demonstrated that unwelded plain material shows a linear relation between static strength 
and fatigue strength, but that the presence of notches results in a reduction of the fatigue strength (e.g. [1]). As a 
result, the fatigue strength of different steel grades is usually assumed to be equal in design codes. A possible 
solution is the use of weld improvement techniques such as TIG-dressing, to reduce the notch effect. 
 
Nomenclature 
a* material constant for critical distance approach [mm] 
f correction factors on nominal stress, for subscripts see 5.1 [-] 
fNi Ni/Nf [-] 
fNp Np/Nf [-] 
Kf fatigue notch factor [-] 
Km misalignment factor according to [2] [-] 
Kt elastic stress concentration factor [-] 
m slope of Basquin relation [-] 
Ni number of cycles to crack initiation [-] 
Nf number of cycles to failure [-] 
Np number of cycles during crack propagation phase [-] 
Nknee number of cycles of transition point from Basquin relation to fatigue limit in S-N curve [-] 
Rm ultimate tensile strength [N/mm2] 
t thickness of specimen [mm] 
Δσ stress range [N/mm2] 
ρ notch stress radius [mm] 
σa;E;0 fatigue endurance strength at alternating load [N/mm2] 
σE fatigue endurance strength of plain material [N/mm2] 
σm mean stress [N/mm2] 
σr residual stress [N/mm2] 
2. TIG-dressing for fatigue life improvement according to literature 
According to IIW recommendations, the aim of TIG dressing is þto remove the weld toe flaws by reϋmelting 
the material at the weld toe. It also aims to reduce the local stress concentration effect of the local weld toe profile 
by providing a smooth transition between the plate and the weld face’ [3]. The current study focuses primarily on 
the change of weld toe geometry, and its possible influence on the fatigue life of the connection. For more 
information on the TIG-dressing process and the desirable results, the reader is referred to the partner-publication 
regarding the weld geometry measurements [4] and IIW recommendations [3]. 
The influence of TIG-dressing includes the increase of the weld toe radius, change of the residual stress state, 
change of the microstructure and reduction of weld flaws and inclusions at the weld toe. Especially the reduction of 
weld flaws and inclusions in combination with the increase in weld toe radius is assumed to create the beneficial 
behaviour of TIG-dressed specimens when compared with as-welded specimens.  
The effect of TIG-dressing on fatigue strength is more noticeable in the very high cycle domain, especially for 
high strength steels. This last observations implies that TIG-dressing increases the slope (m) of the S-N curve, 
leading to a flatter curve. 
The increase in fatigue life due to TIG-dressing is primarily the result of extending the crack initiation life. 
Because for high strength steels the crack initiation life is a relatively large portion of the total fatigue life [5], the 
resulting total fatigue life increase is expected to be larger for higher steel grades. 
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Dahle [6] reports an increase in fatigue strength at 2·106 cycles of 10% to 90%, depending on the steel grade, and 
an increase of the m-value of the S-N curve. The improvement effect was stronger for higher strength steels. These 
conclusions are based on a large scale testing program on filled welded connections.  
Similar results are reported by Pedersen et al. [7], where the free slope of the fatigue curve of TIG-dressed S700 
grade specimens increases to 5.9 compared to 4.2 for as-welded specimens of mixed steel grade. The reported 
strength increase at 105 cycles is ~38% and 70% at 2106 cycles. Pedersen et al. also consider fillet welds only.  
More research on the beneficial effect of TIG-dressing on fillet welds has been done by Huo [8]. This research 
does not focus on high strength steel, but distinguishes results for constant amplitude loading and variable amplitude 
loading. The results, comparing two post weld treatments to the as-welded condition, show much less scatter than 
the low strength data of Dahle, which leads to a greater increase of the characteristic fatigue strength: approximately 
37% for steel with σy = 390 N/mm2.  
Other results are published by Haagensen, who found an average increase of 44% in the fatigue strength of a 
fillet weld joint, but no change in the slope of the S-N curve [9]. This result was also found for standard steel with a 
yield strength of 365 N/mm2, which means it does not exclude a flattening effect for higher strength steels. 
All research shows an increase in fatigue strength of TIG-dressed specimens. The increase in fatigue strength 
differs from 10% to 40% for mild steels and can be as high as 90% for very high strength steels. The researches that 
include higher strength steels also report an increase of the m-value of the S-N curve. The discussed researches 
consider fillet welds only. The effect of TIG-dressing on butt welds has been investigated in the current research. 
3. Test setup 
From the available base material, 24 specimens for tensile fatigue tests were fabricated. The specimens were 
made of S460, S690, S890 and S1100 (specimens marked with 46, 69, 89 and 11), welded to cast or rolled plate 
with identical specified yield strength, by means of a V-butt weld. In case of a connection between two rolled steel 
plates, the specimen was marked with V. In case of a connection between rolled and cast steel, the specimen was  
marked with C. For example: plate C69 is a connection between a rolled and cast plate of steel grade S690. An 
overview of a typical specimen and the test setup is shown in Fig. 1. Specimens made in S1100 had a thickness of 
20 mm, all others had a thickness of 25 mm. 
 
Fig. 1 Overview of test setup (left), typical dimensions and instrumentation of test specimen (middle) and photograph of a failed specimen in the 
testing apparatus (right) 
4. Model 
Based on the measurements of the weld toe geometry[4] and notch stress theory, the fatigue initiation life of the 
tested specimens has been modelled. The principle of the notch stress approach is to compare the increased stress at 
the notch to the maximum stress a plain specimen can withstand. For this, a small plain specimen is imagined at the 
root of a notch which is subjected to the same stresses as the tip of the notch. If the plain machined specimens can 
129 S.H.J. van Es et al. /  Procedia Engineering  66 ( 2013 )  126 – 137 
endure a certain stress level without cracking, then this stress level can also be endured at the notch root. In a simple 
assessment only the infinite fatigue life is considered and therefore only the fatigue limit is determined, but 
extensions into finite fatigue life are possible. In that case, the method only covers the process of crack initiation.  
The stress concentration at the notch is calculated with the elastic stress concentration factor:  
V V notch t nomK    (1) 
Experiments have shown that this elastic notch stress does not determine the fatigue behaviour of the notched 
specimen. Instead, a somewhat lower stress can be linked to the fatigue behaviour of the specimen. This effect is 
called the ‘microstructural support effect’[10]. The stress that governs the fatigue behaviour is a stress averaged over 
a small length or volume, characteristic for the considered material. Besides depending on the material, this effect is 
related to the geometry of the notch. The effect has been modelled in different forms:  
x Critical distance approach [11] 
x Stress averaging approach [12,13,14] 
x Stress gradient approach [15] 
x Highly stressed volume approach [16] 
In this study, the critical distance approach will be used, because important parameters such as material constants 
do not have to be extrapolated for very high strength steels, but have been determined by other researches. The 
approach will lead to the definition of the fatigue notch factor Kf, which will replace the higher factor Kt in equation 
(1). To calculate the fatigue notch factor, first the elastic stress concentration factor needs to be determined. This is 
done with a small FEA model (see Fig. 2). The geometry of the model can be adjusted with four weld toe geometry 
parameters as defined in [4]: weld toe radius, weld toe angle, weld height and undercut.  
 
Fig. 2 FEA model of weld notch loaded in pure tension 
Since fatigue is a weakest link process, it is very hard to predict the combination of geometry parameters which 
have to be taken into account to create the ‘characteristic weld toe’ in a model. The fact that the TIG-dressed weld 
toe radii showed significant spread and a small peak near the main peak of the as-welded radii [4], indicating a 
possible lack of improvement of this ‘characteristic weld toe’, makes the analysis even more complicated. To give 
insight in the expected scatter of fatigue strength as a result of the measured scatter in the geometrical parameters, 
six analyses are proposed: 
AW1. Peak values of weld toe geometry distributions in as-welded condition 
AW2. Peak value of weld toe radius, other weld toe parameters varied with one standard deviation, such that 
fatigue strength is lowered. As-welded condition* 
TIG1. Peak values of weld toe geometry distributions in TIG-dressed condition. 
TIG2. Peak value of weld toe radius, other weld toe parameters varied with one standard deviation, such that 
fatigue strength is lowered. TIG-dressed condition** 
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TIG3. Secondary peak value of weld toe radius (which is comparable to the as-welded condition), other weld toe 
geometry parameters chosen at peaks of distributions in TIG-dressed condition. 
TIG4. Secondary peak value of weld toe radius (which is comparable to the as-welded condition), other weld toe 
geometry parameters varied with one standard deviations from the peak values of distributions in TIG-
dressed condition, such that fatigue strength is lowered. 
*Variation of weld toe radius is omitted because this would lead to negative radii in case of a one standard 
deviation variation, or extremely low radii in case of other variation. 
**Variation of weld toe radius is omitted because this is covered in models TIG3 and TIG4. 
 
From the elastic stress concentration factor, Kf is calculated with the critical distance approach according to 
equation (2). In theory, this factor directly relates the fatigue behaviour of the weld toe notch to the fatigue 
behaviour of plain material.  
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An overview of the calculated values of Kf for the six analyses is shown in Fig. 3. From the diagram can be 
concluded that the difference between the AW and TIG models is the largest for the highest steel grades, which is a 
result of the variation of parameter a*, which controls the microstructural support effect. Furthermore, even if no 
improvement of the weld toe radius is achieved (compare AW1 and TIG3), a reduction of Kf is achieved with TIG-
dressing. This is the result of the weld angle reduction. The scatter band in predicted fatigue strength resulting from 
these values for Kf will be shown in 5.6. 
 
Fig. 3 Overview of calculated values of Kf for the 6 defined models. The fatigue notch factor is based on measurements on the welded plates out 
of which the specimens were produced 
The fatigue limit of the specimen is determined by determining the fatigue limit of plain material according to the 
method proposed by [17], which is then divided by the fatigue notch factor:  
;
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   (3) 
To extend the predicted fatigue strength of the weld toe into the finite life, a method developed by Hück et al. 
[18] is used, which was summarized by Gudehus et al. [19]. Here the slope of the Basquin relation (m) depends on 
0
0.5
1
1.5
2
2.5
3
C11 C89 C89a C69 C46 V11 V89 V69 V46
K
f 
AW1
AW2
TIG1
TIG2
TIG3
TIG4
131 S.H.J. van Es et al. /  Procedia Engineering  66 ( 2013 )  126 – 137 
the determined fatigue notch factor, and the knee point of the curve is calculated from the determined slope (see 
equations (4) to (7))  
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A full description of the used model can be found in [20] 
5. Test results 
The current testing program only contains TIG-dressed specimens. Similar specimens have been tested in the as-
welded condition as part of another project [5], which have been used as baseline to investigate the possible fatigue 
strength increase due to TIG-dressing. 
5.1. Exclusion and adjustment of data 
Some of the 24 specimens have not been taken up in the coming analysis because they were damaged by the 
testing machine or contained large weld or casting flaws which would not pass quality control in practice. Therefore, 
specimens C46-2, C69-3, C89-2 and V11-1 have been excluded. Two specimens (C11-2 and C89-1) have shown 
failure outside the reduced cross section area. The specimens have been tested further, and damages have been 
added according to Miners rule [2]. For the remaining specimens, the raw results have been adjusted for:  
x Mean stress: nominal stresses are adjusted to a mean stress value of σm=½σy 
x Residual stress; nominal stresses are adjusted to a loading with a certain representative residual stress 
x Thickness; nominal stresses are adjusted to a reference thickness of 25 mm 
x Loading mode; nominal stresses are adjusted to a pure tension loading mode. 
The adjusted nominal stress range is then calculated with the use of the equation (8) for base material cracks and 
weld toe cracks. 
; ;
; ; ; ;
1 1V V'    '
f f
n i Nf m n
t i N lm i N
f
f f
    (8) 
In which: 
fm  Mean stress factor 
ft;i;Nf  Thickness factor for fatigue life of base material cracks (i=u) or weld toe cracks (i=w). 
flm;i;Nf  Loading mode factor for fatigue life of base material cracks (i=u) or weld toe cracks (i=w). 
 
A full description of the used procedures to correct for these can be found in [20]. Below a summary is presented. 
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5.2. Mean stress factor 
The as-welded specimens as tested by Pijpers [5] were assumed to have a residual stress of 0 N/mm2. 
Subsequently the results were conservatively adjusted to a value where σr=σy and σm=½σy. After TIG-dressing the 
residual stresses are expected to be lower, but cannot become compressive at the weld toe, due to the still present 
cooling of the weld toe. Therefore, a reasonable and conservative assumption is still a residual stress of 0 N/mm2. 
The TIG-dressed results were adjusted to σr=0.7·σy and σm=½σy, where the assumed reduced residual stresses are 
based on research by Lopez Martinez [21]. Based on Haibach [17], Pijpers [2] proposed equation (9) to determine a 
mean stress factor, including the effect of residual stress. 
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5.3. Loading mode factor 
Analysis of the influence of bending loading versus tensile loading on the fatigue strength has been performed by 
Pijpers [5]. Based on his results, a loading mode factor was formulated to relate bending loading to equivalent axial 
loading (see equation (10)) 
; ; ; ; ; ;   f i i p plm i N lm i N N lm i N Nf f f f f     (10) 
In which: 
flm;i;Ni  Loading mode factor for crack initiation life of base material cracks (i=u),weld toe cracks (i=w) 
flm;i;Np  Loading mode factor for crack propagation life of base material cracks (i=u),weld toe cracks (i=w) 
 
The values of flm;i;Ni  and flm;i;Np are determined by Pijpers [5]. Since only part of the load was in bending, the 
correction factor flm;i;Nf for the axial tests was determined with equation (11), as published by Hobbacher [2]. 
; ; ;
; ;
11
 § · ¨ ¸¨ ¸© ¹
f
m
lm i N ax
m
lm i Nf
K
f
K
f
    (11) 
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5.4. Thickness factor 
In general, if plate thicknesses increase, the resistance to fluctuating stresses at a notch decreases. For the 
thickness effect, the relation as depicted in equation (12) has been assumed, based on the work by Pijpers [5]. 
0.4
; ;
25§ · ¨ ¸© ¹it w Nf t     (12) 
5.5. Comparison between as-welded and TIG-dressed specimens 
The four figures below show a comparison between the TIG-dressed specimens and similar as-welded specimens 
as tested by Pijpers [5]. For clarity of the diagrams, and due the limited number of especially the TIG-dressed 
specimens, no S-N curve is included in the graphs. Some of the specimens have not failed, these have been marked 
as a runout. When failure occurred in the base material, away from the weld, these data points have been marked 
with an asterisk. Since research by Pijpers [5] has shown that welded connections of cast and rolled steels show 
similar fatigue life, the results of both materials are compared on one graph. The reported base material failures 
(indicated as BM failure in the graphs), occurred mostly in cast base material, but not exclusively.  
The figures show that, especially for the lower steel grades (S460 and S690), an increase in fatigue strength by 
TIG-dressing can be observed. For the higher grades (S890 and S1100) this is only the case if failure does not take 
place in the base material. If such a base material failure occurs, no strength increase is observed. 
The movement of fatigue cracks from the weld to the base material in the very high strength steels is something 
that was already observed on the as-welded specimens [5]. By improving the weld toe with TIG-dressing, this effect 
has become even stronger. Also in the lower grades, movement of the crack initiation site was observed. In 7 cases 
out of the 20 usable tests, failure in the weld material, away from the weld toe was observed, mainly in the lower 
steel grades. Clearly TIG-dressing has improved the weld toe and removed it as the ‘weakest link’ from the chain. In 
the case of the very high strength steels where the base material was already with regular occurrence a weak link in 
the as-welded condition, improvement of the weld toe has a less beneficial effect. 
 
Fig. 4 Comparison of full fatigue life of TIG-dressed and as-welded data for S460, adjusted data 
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Fig. 5 Comparison of fatigue life of TIG-dressed and as-welded data for S690, adjusted data 
 
Fig. 6 Comparison of full fatigue life of TIG-dressed and as-welded data for S890, adjusted data 
 
Fig. 7 Comparison of full faituge life of TIG-dressed and as-welded data for S1100, adjusted data 
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5.6. Comparison of tests with model
The comparison between the model and the test results cannot be published here for all specimens. A few
examples are shown, with conclusions and descriptions based on all results. Since the developed model only takes
failure at the weld toe into account, the model is only compared with specimens that have shown this type of failure.
The weld toe geometry of the model is based on measurements on the specimens for the TIG-dressed case, and on
comparable specimens for the as-welded case.
From the figures 8 and 9 and the other analyses that are performed can be concluded that both in the as-welded
case as in the TIG-dressed case, large differences appear between the modelled fatigue strength and measured
fatigue strength. The differences are not constant and lead to an non conservative fatigue strength prediction.
Moreover, even the model lines that should represent a lower bound of the scatter band (e.g., compare models TIG2
to TIG4 with the TIG-dressed data points) do not accurately represent the test results.
It is possible that these large discrepancies occur because the model inaccurately represents a weakest link failure
process. The model also does not include crack growth at inclusions in the weld material. The adjustment factors that
have been applied to the test results should also be reviewed carefully, to prevent too conservative test results.
Fig. 8 Comparison of crack initiation life of V69 specimens (as welded and TIG-dressed) with their appropriate models (AW and TIG)
Fig. 9 Comparison of crack initiation life of V11 specimens (as welded and TIG-dressed) with their appropriate models (AW and TIG)
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5.7. Comparison of tests with literature 
Due to the limited number of TIG-dressed specimens, a reliable analysis of average and characteristic S-N curves 
is very difficult. A statistical analysis of the available data points results in characteristic strength changes at 2·106 
ranging from -50% to +35%, depending on the type of analysis and steel grade. Even so, from the figures in 5.5 can 
be concluded that the fatigue strength increases that are reported in literature for fillet welds may also be possible for 
butt welds. The scatter diagrams show fatigue strength increases of individual data points ranging from about 10% 
to 50%. However, in case of very high strength steel, where base material failure might become leading in the TIG-
dressed condition and even in the as-welded condition, improvement of the weld toe will have much less influence. 
As a result of the small dataset and the issues with base material failure, no conclusions with regards to a change in 
slope of the Basquin relation can be drawn. 
The results that were found in literature all concern fillet welds, where the ratio between the fatigue strength of 
the base material and weld toe is much further away from unity than in case of a butt weld, both in the as-welded as 
in the TIG-dressed situation. This means that in fillet welded connections the weld toe will always, even after 
significant improvement, be the weakest link in fatigue loading. This might explain why the effect of base material 
failure is not reported in literature. 
6. Conclusions 
6.1. Conclusions regarding the influence of TIG-dressing on the fatigue life 
x When the TIG-dressed specimens are compared with similar as welded specimens, the scatter plots show a trend 
towards a better fatigue behaviour of the TIG-dressed specimens for all specimens which have shown failure in 
the weld area. For steel grades S460 and S690 this concerns almost all specimens. For the higher strength steels a 
lot of specimens have shown base material failure. Quantitative conclusions cannot be drawn due to the relatively 
small number of tests. 
x The materials that have shown base material failures in the as welded condition, S890 and S1100, show little to 
no improvement of the fatigue strength, because any beneficial effect of the weld toe improvement can only have 
an effect on specimens that would not have shown base material failure in the as welded condition. The few 
specimens that have shown weld material failure after TIG-dressing in these steel grades generally show the 
above described trend towards fatigue strength improvement.  
x The failure mechanism in the weld material away from the weld toe, has become much more prominent. This 
failure mechanism has only very rarely been observed in the results of the as welded specimens, but has been 
observed on a significant number of the TIG-dressed specimens. This is a very good indication that the weld toe 
indeed has been removed as the weakest link from the chain. 
x To gain information on the characteristic strength improvement of TIG-dressed specimens, more tests should be 
performed. 
6.2. Conclusions regarding the modeling of TIG-dressed butt welded connections 
x The fatigue notch factor shows reduction due to TIG-dressing with slight dependency on the steel grade. Higher 
strength steels show a greater reduction in fatigue notch factor, due to the difference in the material constant for 
critical distance approach. Further differences in fatigue strength improvement due to TIG-dressing can be sought 
in other factors, such as residual stress. In the used model in this research, the residual stress was assumed to be a 
fixed fraction of the yield strength. 
x The model shows a reduction of the fatigue notch factor due to the changed weld toe geometry, even if no 
improvement of the weld toe radius is achieved. This reduction is then mostly caused by a reduction of the weld 
toe angle. 
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x The model that is used shows significant differences with the test results for both as welded and TIG-dressed 
specimens. Also, the discrepancy between the model and tested specimens is not constant. Any quantitative or 
qualitative predictions of a fatigue strength increase due to TIG-dressing can therefore not be expressed. 
x  Further improvement of the model may be achieved by correctly including a weakest link failure process. 
Furthermore, the influence factors that have been applied to the rest results can be too conservative.  
7. Further research 
The specimens of which the fatigue tests are discussed here are also subjected to measurements of local hardness 
and weld toe geometry [4]. Furthermore, comparable as-welded specimens have been tested by Pijpers [5], which 
are used for the comparison with the TIG-dressed specimens. 
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